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a b s t r a c t
Olfactory ensheathing cells (OECs) are a special glia that ensheath olfactory receptor axons that enter the
brain via olfactory phila, thus, providing a potential route for access of pathogens. Streptococcus pneumo-
niae (Sp), that has a capsule rich in mannosyl residues, is the most common cause of rhinosinusitis that
may evolve to meningitis. We have tested whether OECs in vitro express the mannose receptor (MR), and
could internalize Sp via MR. Cultures were infected by a suspension of Sp (ATCC 49619), recognized by an
anti-Sp antibody, in a 100:1 bacteria:cells ratio. Competition assays, bymeans ofmannan, showed aroundeywords:
nnate immunity
attern recognition receptors (PRRs)
athogen-associated molecular patterns
PAMPs)
neumococcal meningitis
a 15-fold reduction in the number of internalized bacteria. To verify whether MR could be involved in Sp
uptake, OECs were reacted with an antibody against the MR C-terminal peptide (anti-cMR) and bacteria
werevisualizedwith SytoxGreen. Selective cMR-immunoreactionwas seen inperinuclear compartments
containing bacteria whereas mannan-treated cultures showed an extremely low percentage of internal-
ized bacteria and only occasional adhered bacteria. Our data suggest the involvement of MR in adhesion
of bacteria to OEC surface, and in their internalization. Data are also coherent with a role of OECs as a
ring)
landlycoconjugates host cell prior to (and du
© 2010 Elsevier Ire
. Introduction
Streptococcus pneumoniae (Sp) is a Gram-positive bacterial
athogen that may colonize the mucosal surfaces of the host
asopharynx and upper airway (Ewig et al., 1999). Through a com-
ination of virulence-factor activity and an ability to evade the
arly components of the host immune response, this organism
an spread from the upper respiratory tract to the middle ear,
ung, and also lead to meningitis (Braido et al., 2008). It is widely
ssumed that carriage occurs through direct mucosal colonization
rom the environment whereas meningitis results from invasion
rom the blood (Chiavolini et al., 2008). However, the results of one
tudy can be interpreted that Sp may enter the brain directly from
he nasal cavity or from the ear by axonal transport through the
lfactory and trigeminal nerves (van Ginkel et al., 2003). Despite
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Open access unbacterial invasion of the brain.
Ltd and the Japan Neuroscience Society.
signiﬁcant progress in recent years, the molecular and cellular
mechanisms leading to bacterial meningitis are still poorly under-
stood.
Olfactory ensheathing cells (OECs) comprise a special glial type
derived from progenitors in the olfactory mucosa that ensheath
olfactory receptor axons. Axonal bundles extend toward the crib-
iform plate and enter the brain via the olfactory phila, thus,
providing a potential route for access of pathogens to the brain.
Previous studies revealed that the OECs expressed components of
the innate immune response such as Toll-like receptors (TLRs) 2
and 4 (Vincent et al., 2007). TLRs are surface molecules collec-
tively referred to as pattern recognition receptors (PRRs) in which
are also included the scavenger receptors and mannose receptor
(MR). PRRs family play an important role in the protection against
invading microorganisms through recognition of conserved struc-
tures designated pathogen-associated molecular patterns (PAMPs)
(Areschoug and Gordon, 2008).
MR is a transmembrane glycoprotein of approximately 175kDa
with several domains such as the Ca2+-dependent lectin-like car-
Open access under the Elsevier OA license.bohydrate recognition domains (CRDs), responsible for the binding
to mannose, fucose, and N-acetylglucosamine (Fiete et al., 1998;
Martinez-Pomares et al., 2001), components of plasma mem-
brane glycoproteins from different sources including pathogenic
organisms (Ezekowitz et al., 1991; Linehan et al., 2001; Mansour
der the Elsevier OA license.
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t al., 2002). MR is a constitutive receptor, which acts as a
ivotal molecule of the innate immune response, being an
mportant pathway for the recognition and internalization of
ntigens (Areschoug and Gordon, 2008; Baetas-da-Cruz et al.,
009). Microglia, astrocytes, immature neurons, and Schwann
ells express MR (Régnier-Vigouroux, 2003; Baetas-da-Cruz et al.,
009) but there is no evidence that either mature oligodendro-
ytes or their precursors express it (Burudi and Régnier-Vigouroux,
001).
Since unpublished data from our group showed that OECs
xpress a mannose-speciﬁc C-type lectin receptor compatible with
he macrophage mannose receptor (L.A. Carvalho, 2008, Master’s
hesis,), we decided to test whether OECs isolated from primary
ultures are involved in the Sp internalization via MR.
. Materials and methods
.1. Animals
Animal care and sacriﬁce followed the norms established by the
razilian Society for Neuroscience (SBNeC) as well as by the ethics
ommittees of the Federal University of Rio de Janeiro (UFRJ).
.2. Primary cultures of OECs
OECs were harvested and puriﬁed following modiﬁcations,
etailed elsewhere, of a protocol previously described by Nash
t al. (2001). Brieﬂy, four young adult (2 months) Wistar rats were
illed by decapitation, and the heads were placed in sterile pH
.4 phosphate buffered saline solution (PBS). The olfactory bulbs
OBs) were dissected, sliced through a Tissue Chopper (Mickle Lab-
ratory, Gomshall, UK) and then the slices were placed in Gey’s
alanced salt solution (Sigma, St. Louis, MO, USA). Afterwards,
he olfactory nerve layer (ONL) plus some minor glomerular layer
ontaminant was dissected. Because of an incomplete ring of oligo-
endroglial processes that we have denoted the oligodendroglial
lomerulus (Gomes et al., 2003), there is some change of tissue
onsistence between the ONL and the glomerular layer that helps
n their separation. Fragments ofONL (and contaminant glomerular
ayer) were incubated by 15min in a dissociation solution con-
aining 0.01% ethylene diamine tetracetic acid (EDTA – Invitrogen,
arlsbad, CA, USA) in pH 7.4 PBS solution. In our experience, EDTA
llows less rough dissociation and a better yield of OECs than
rypsin.
The dissociation solution was quenched using DMEM/F12
edium (Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine
erum (Bioﬂuids Inc., Rockville, Maryland, USA), 1% glu-
amine (Bioﬂuids Inc., Rockville, Maryland, USA), 2% penicillin–
treptomycin (Invitrogen, Carlsbad, CA, USA), 1% gentamicin
Bioﬂuids Inc., Rockville, Maryland, USA), 2M forskolin (Cal-
iochem, La Jolla, CA, USA), and 20g/ml bovine pituitary extract
BPE – Biomedical Technologies, Massachusetts, MA, USA). After-
ard, the cell suspension was centrifuged at 500× g for 10min
nd washed 2 times in DMEM/F12 medium.
For ﬁbroblast removal by adhesion, the cell suspension was
eeded into an uncoated ﬂask and incubated (18h, 37 ◦C and 5%
O2). After this period, the supernatant is removed and again
eeded into an uncoated ﬂask for astrocyte removal, also by adhe-
ion, and incubated in the same conditions for 36h. During these
nitials steps, most of the other cell types of the cell suspen-
ion are attached to the uncoated plastic ﬂask, whereas the OECs
and possibly some Schwann cells) remained in the supernatant.
inally, the cells were plated in the desired density into the appro-
riate laminin-coated ﬂasks (Sigma), plates or wells in complete
MEM/F12 medium. The cells were kept at 37 ◦C and 5% CO2, and
he medium was regularly exchanged.e Research 69 (2011) 308–313 309
2.3. Immunocytochemistry
2.3.1. Phenotypical identiﬁcation of OECs
OEC-enriched cultures were treated with PBS-Triton 0.3% and
blocked with 10% normal goat serum (NGS). For phenotypical
identiﬁcation of OECs, the cultures were incubated with a rab-
bit polyclonal anti-p75 neurotrophin receptor (p75 NTR – 1/400)
and either one of the following mouse monoclonal antibodies, an
anti-2′ 3′ cyclic nucleotide 3′-phosphodiesterase antibody (anti-
CNPase – 1/100, Sigma) or anti-smooth muscle -Actin (anti-SM
-Actin – 1/100, Sigma). Both p75 NTR and CNPase are markers for
either Schwann cells or OECs (Yoshino et al., 1985; Yasuda et al.,
1987; Ramon-Cueto and Nieto-Sampedro, 1992; Santos-Silva and
Cavalcante, 2001) whereas SM -Actin has been shown to mark
OECs but no Schwann cells or ﬁbroblasts (Jahed et al., 2007; Kawaja
et al., 2009).
After reaction with the primary antibodies of interest, cells
were incubated with goat anti-rabbit IgG and sheep or goat anti-
mouse IgG secondary antibodies, labeled either with Alexa 488
or Cy3, washed in pH 7.4 PBS, mounted with N-propylgallate in
PBS-glycerol and coverslipped.
2.3.2. Expression of MR in OECs
OEC-enriched cultures were tested for the expression of MR
by double-labeling with a monoclonal anti-CNPase antibody and
a polyclonal antibody, produced in rabbit, directed against a C-
terminal peptide of murine MR (anti-cMR, 1/100) kindly donated
by Dr. Anne Régnier-Vigouroux (Burudi and Régnier-Vigouroux,
2001). Cells were then incubated with goat or sheep anti-mouse
IgG and goat anti-rabbit IgG, washed in pH 7.4 PBS, mounted
with N-propylgallate in PBS-glycerol and coverslipped. Analysis
and graphic reconstructions were made with a Zeiss microscope
and attached camera.
2.4. SDS-PAGE and immunoblot for MR
Cell extracts were prepared from OEC-enriched cultures and
their protein content was measured by the bicinchoninic acid
method. Twenty-ﬁve g of protein were loaded on 7.5–8.5% SDS-
PAGE gels and electrophoresis was performed under non-reducing
conditions. Proteins were transferred onto nitrocellulose mem-
branes and these were blocked overnight with Tris-buffered saline
containing 0.05% Tween 20 (TBS/T) and 2% bovine serum albu-
min (BSA) for subsequent incubations. For the immunoblot, the
membranes were incubated with anti-cMR (1:1000), at room
temperature for 1h followed by 4 ◦C overnight. The reacted mem-
branes were extensively washed with TBS/T and incubated with
biotinylated goat anti-rabbit IgG, washed and incubated with HRP-
extravidin (Sigma Extravidin 3 staining kit) for 40min. The reacting
bands were developed with 0.03% hydrogen peroxide, using 3-
amino-9-ethylcarbazole (AEC) as coupler. The speciﬁcity of the
reaction was assessed by omitting the biotinylated HRP in control
membranes.
2.5. Interaction of S. pneumoniae and olfactory ensheathing cells
OEC cultures were infected by a suspension of living Sp (ATCC
49619, American Type Culture Collection 49619) in a ratio of 100:1
bacteria:cells during 3h, since, in preliminary experiments, forma-
tion of colonies after exposure, washing and recovery of bacteria
from lysed cell host was not signiﬁcantly different after 1, 3 or 5h
(Baetas-da-Cruz and Teixeira, unpublished). The selection of ATCC
49619 was based on the facts that (1) it is a reference strain widely
used in medical microbiology research and diagnostic laboratories
worldwide, (2) it belongs to serotype 19F, which is frequently asso-
ciatedwithpneumococcal infections inmanyparts of theworld and
310 H. Macedo-Ramos et al. / Neuroscience Research 69 (2011) 308–313
Fig. 1. Phenotypic characterization of OECs culture. Immunoﬂuorescence analysis of OECs showing the expression of p75 NTR (A and D), CNPase (B), and SM -actin (E). G
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ivergence between the proportions of cells labeled by CNPase or SM -actin vers
he number and location of DAPI stained nuclei in the same ﬁelds (C, F and I) is rou
purious cell contaminants such as, for instance, ﬁbroblasts. Bars: A–C=25m, D–F
s often linked to resistance to penicillin and other antimicrobial
gents (see, for instance, Zettler et al., 2006).
For the dark ﬁeld microscopy analyses, the infected cultures
ere washed, and ﬁxed with paraformaldehyde. After that, inter-
alized bacterial were detected by a Pneumococcal anti-serum
OMNI States Serum Institut, Copenhagen – Denmark) or stained
ith Sytox Green (Langsrud and Sundheim, 1996). Competition
ssays were performed by infecting cultures in the presence of
00g/ml of mannan (Sigma) after testing concentrations in the
ange of 10g to 1000g/ml (10, 100, 500, and 1000g/ml – see
lso Marzolo et al., 1999; Zimmer et al., 2003).
. Results
.1. OECs obtained by differential adhesion of ONL(+GL) express
75NTR, CNPase, and SM ˛-Actin
The purity of our cultures was estimated to be between 95 and
9%. OECs obtained according to our method expressed p75 NTR,
s ﬁrst demonstrated by Ramon-Cueto andNieto-Sampedro (1992)e Ig G only. Nuclei were stained with DAPI (C, F and I). Observe that there are no
5 NTR, thus, showing low if any contamination by Schwann cells. Notice also that
equivalent to that of cells stained by immunocytochemistry, indicating absence of
m, G–I =30m.
and conﬁrmed by several investigators. Furthermore, all or virtu-
ally all cells of the same cultures also expressed CNPase, as we
had seen in cells emerging from OB explants (Santos-Silva and
Cavalcante, 2001). Finally, all or virtually all cells that expressed
p75 NTR also expressed SM -Actin, a protein that appears in OECs
but no Schwann cells (Jahed et al., 2007; Kawaja et al., 2009). Thus,
it seems that our method is highly effective for OEC enrichment
(Fig. 1). Furthermore, the absence or nearly absence of microglial
cells in these short-term cultures was ratiﬁed by the absence of
binding of Griffonia simplicifolia (not shown).
3.2. OECs express mannose receptor
In this highly puriﬁed OECs preparation, virtually devoid of
astrocytes and microglia, we have detected an intense labeling for
the antibody against murine cMR (Fig. 2A), thus, conﬁrming the
results previously obtained by L.A. Carvalho (2008, unpublished)
in vivo and in vitro. MR labeling in OECs from primary olfactory
bulb cultures was widely distributed both on the surface and in the
cytoplasmic domain of the cells (Fig. 2B). Omission of the primary
antibody eliminated the respective labeling (see also Fig. 1).
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Tig. 2. Expression of the mannose receptor (MR) by olfactory ensheathing cells (
ntibody and Alexa 488-labeled secondary antibody. (B) Same ﬁeld as in A after i
xtract reacted with anti-cMR antibody. Notice the single band at about 180kDa. Sc
OECsextractswere analyzed for thepresenceof theMR(approx-
mately 180kDa) by Western blot using anti-cMR polyclonal
ntibody. A single band of approximately 180kDa was detected in
xtracts from OECs (Fig. 2C). As previously done (Baetas-da-Cruz
t al., 2009), thioglycollate-elicited peritoneal macrophages were
sed as a positive control for antibody test (data not shown).
.3. Mannose receptor-mediated endocytosis of S. pneumoniae
y OECsWe evaluated the endocytosis of the Sp by OECs maintained
ither in medium or in medium containing an excess of mannan.
he occurrence of Sp was analyzed after interaction with OECs for
h in both conditions. A variable number of internalized bacteria,
etected by proﬁles labeled with anti-pneumococcal antiserum,
ig. 3. Expression of the mannose receptor (MR) and internalization of S. pneumoniae (Sp
p for 3h and reacted with anti-CNPase antibody and Cy3 tagged secondary antibody. Arr
88-labeled secondary antibody, arranged in diplococcus-shaped pairs (see insert for de
xcess of mannan. Arrowheads point to rare Sp, apparently adhered to the cell surface.
ercentage of OECs infected with (internalized) Sp, untreated (black column) or treated
f infected cells in the cultures whose MR binding sites were blocked with mannan. **p
icroscope images showing previous internalization of living Sp by OECs cultured from O
he (ﬁxed) bacterial DNA (green). Asterisk and arrowheads in D show dense clusters of
hese results are representative of three separate experiments, each of which was assayecultured from olfactory bulb ﬁbrous layer. (A) OECs incubated with anti-CNPase
tion with anti-cMR and Cy3-labeled secondary antibody. (C) Immunoblot of OEC
r =30m.
produced in rabbit, was seen throughout the cytoplasm of OECs
maintained only in medium (Fig. 3A). On the other hand, the inter-
action assays performed in the presence of mannan impaired the
bacterial binding to the cellular surfaces, thus, reducing drastically
the internalization (compare Fig. 3A–C). Nevertheless, occasional
adhered bacteria were observed in mannan-treated cultures. As
might be expected, these adhered bacteria were easily recognized
by their uniform size, smooth contour, and neat arrangement in
diplococcus-shaped pairs, similar to the aspect observed in bacte-
rial cultures. By contrast, clusters of anti-Sp reactive internalized
particles, even if few in number, had more variable size.
To conﬁrm that the mannose receptor was involved in the
uptake of Sp, OECs were reacted with anti-cMR, and, to circum-
vent the problemof using two antibodies produced in rabbit (ﬁxed)
bacteria were visualized with Sytox Green, an optimal stain for
) by CNPase-immunoreactive olfactory ensheathing cells (OECs). (A) OECs infected
ows point to internalized Sp reacted with anti-pneumococcal antiserum and Alexa
tails in a bacterial culture). (B) OECs infected with Sp for 3h in the presence of an
Since changes in the depth of focus showed no indication of vesicles as in A. (C)
with mannan (white column). Observe the dramatic reduction of the percentage
<0.001. Error bars represent standard errors of the mean (SEM). (D) Fluorescent
NL (and GL). OEC incubated with anti-cMR antibody (red) and Sytox Green to show
MR-like immunoreactive material and Sytox-stained bacterial DNA, respectively.
d in triplicate. Scale bars =30m (A, B); 10m (D); 1m in insert.
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acterial DNA (Fig. 3D). These results showed intense immunore-
ction with anti-cMR accumulated in intracellular compartments
ontaining Sp (Fig. 3D). Such a result suggests the presence of a
eceptor-ligand recognition system employed by Sp for invasion of
he OECs.
. Discussion
Our results show that OECs express MR and are able to inter-
alize Sp bacteria of the ATCC 49619 strain, by means of a
annan-blocked lectin, possibly MR itself. This ﬁnding is of poten-
ial physiopathological signiﬁcance in view of the fact that such a
train belongs to serotype 19F, which is frequently associated with
neumococcal infections, and is linked to 20% resistance to peni-
illin in Brazil and higher rates in other countries (Zettler et al.,
006). Previous work showed that puriﬁed capsular polysaccha-
ides of Sp 1, 4, and 18C serotypes were not recognized by the
R in direct binding assays whereas binding of the 19F serotype
o a fusion protein of the MR containing carbohydrate recog-
ition domains 4–7MR was one of the highest (Zamze et al.,
002).
MR is not the only PRR of OECs to recognize bacteria (Escherichia
oli) or PAMPs since signs of recognition have been found in
subset of olfactory ensheathing cells as well as in astrocytes
Vincent et al., 2007). It is interesting to note that PRRs can rec-
gnize dying cells through damage-associated patterns (DAMPs),
his recognition depending on changes in membranes phospho-
ipids or glycoproteins via alterations in glycosylation patterns.
AMPs are considered important in embryogenesis when apo-
tosis is prominent (Bianchi, 2007) and both olfactory neuronal
rogenitors and mature olfactory sensory neurons undergo death
y apoptosis (Deckner et al., 1997). Thus, it is possible that OECs
rom the nasal mucosa to the bulb act as non-professional phago-
ytes in order to endocytose dying cell bodies of olfactory neurons
nd their degenerating axons.
The ﬁrst demonstration that OECs were able to phagocytose
xonal fragments was that of Wewetzer and coworkers (2005) that
howed that a fraction of OECs freshly dissociated from the neona-
al olfactory bulb had attached O4-reactive axonal fragments that
ould subsequently be internalized. Interestingly, this phagocytic
opulation was initially p75 NTR-negative and underwent upregu-
ation of this receptor. Since our cultures were initiated from adult
aterial, it is unclear whether the maximum of 30% infected cells
e obtained (see Fig. 3C) was due to an inherent heterogeneity.
Sp has become the most common pathogen responsible for bac-
erial meningitis beyond the neonatal period. The colonization of
he nasopharynx by the Sp has been considered as an important
tep for the development of bacterial meningitis (Karanika et al.,
009). It is estimated that Sp possess hundreds of surface glycopro-
eins that facilitate pathogen-host cell interaction. However, the
unction of some of these proteins in pathogenicity and virulence
as been poorly understood and, more recently, is under intense
nvestigation (Chiavolini et al., 2008).
It is usually believed that meningitis induced by the intra-nasal
oute involves bacteremia before bacteria entry into the brain
Chiavolini et al., 2008). The best demonstration of an alternative
outewas that of van Ginkel et al. (2003). In this study, a strain of Sp
hat fails to survive in the blood stream was instilled into the nasal
avities and recovered in the olfactory nerve and bulb as well as
n the whole brain. Furthermore, bacteria were detected by stain-
ng with pneumococcal surface protein A (PspA)-speciﬁc antibody,
CR of the pneumolysin gene, and colony-forming ability. Carriage
as considered to occur via axonal transport and the involvement
f gangliosides was inferred from a reduction of colony formation
fter preincubation of bacteria with a mixture of gangliosides (van
inkel et al., 2003).e Research 69 (2011) 308–313
The glia of olfactory nerves is capable of crossing the boundary
between the central and peripheral nervous systems. Thus, itmight
be expected that OECs, that may be continuously exposed to the
air in the nasal cavity, could be carriers for invasion of the CNS by
neurotropic microbes (Chuah et al., 2004). Recent studies support
the notion that OECs play an innate immune function by protecting
the olfactory tissues from bacterial infection as a result of their
capacity to detect and respond to pathogen challenge (Leung et al.,
2008; Harris et al., 2009) via the synthesis of nitric oxide. The MR
has been considered as an important pathway for the invasion of
host cells by microorganisms.
Similar resultswere obtained in our studies on the interaction of
OECs with Sp in which it was observed the presence of a functional
MR expressed on the OECs cellular surface, and that recognizes the
bacteria in a mannan-inhibitable manner. These results were con-
ﬁrmed by a double-labeling assay with MR-immunoreactive OECs
and bacterial DNA stain.
Pneumococcal meningitis usually develops through several
steps of bacteria-host interactions, including mucosal coloniza-
tion of upper respiratory tract for survival and multiplication (Kim,
2003). In this context, the presence of a glial type capable of har-
boring the Sp, found in the territory from the nasal cavity to the
olfactory bulb, could create a route that potentially makes the CNS
more vulnerable to pathogenic infection. On the other hand, the
expression of an innate immune receptor such as MR in this cell
type which limits the border between the CNS and non-sterile
regions like the nose lining could form a line of defense against
pathogens.
Our data suggest a possible involvement of MR in the initial
steps of the pneumococcal meningitis as a mediator of bacterial
adhesion on OECs cellular surface. Moreover, they also point out
to a prospectively important role of OECs as a host cell during the
bacterial invasion of the brain via the olfactory route.
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